F-containing wastewater does great harm to human health and the ecological environment and thus needs to be treated efficiently. In this paper, the new calcium-containing precipitant calcite and aided precipitant fluorite were adopted to purify F-containing wastewater. Relevant reaction conditions, such as reaction time, oscillation rate, dosage of hydrochloric acid, calcite dosage and the assisting sedimentation performance of fluorite, and action mechanism are analyzed. The experiment showed that the removal rate of fluoride in simulated wastewater reached 96.20%, when the reaction time, the dosage of calcite, the dosage of 5% dilute hydrochloric acid, and the oscillation rate was 30 min, 2 g/L, 21.76 g/L, and 160 r/min, respectively. Moreover, the removal rate of fluoride in the actual F-containing smelting wastewater reaches approximately 95% under the optimum condition of calcite dosage of 12 g/L, reaction time of 30 min, and oscillation rate of 160 r/min. The addition of fluorite significantly improves the sedimentation performance of the reactive precipitates. The experimental results showed that calcite and fluorite can effectively reduce the concentration of fluoride ions in F-containing wastewater and solve the problem of slow sedimentation of reactive precipitates.
Introduction
Fluoride is a widely used industrial raw material. Fluoride generation is involved in the production processes in many industries [1] [2] [3] [4] . The production and discharge of a large amount of F-containing wastewater has led to the continuous increase of the content of fluoride ion in natural water areas, which seriously pollutes the natural environment [5, 6] . F-containing wastewater is mostly originated from fluoride containing "three wastes" produced by aluminum electrolysis, ceramics, cement, glass, semiconductor, steel, pharmaceutical, and other industries [7] [8] [9] [10] .
A wide range of industrial enterprises are involved in F-containing wastewater generation, and a large amount of F-containing wastewater is exported every year [11] [12] [13] [14] . The fluoride concentration in industrial wastewater generally reaches up to hundreds or even thousands of milligrams of per liter and exceeds drastically the WHO (World Health Organization) guideline value of 1.5 mg/L in drinking water [15, 16] . Moreover, F-containing wastewater is of great harm. The great amount of high-concentration F-containing wastewater discharged by factories is increasingly toxic to the environment and not only leads to human fluorosis but also seriously affects the natural ecosystem, making the ecosystem to lose balance and causing death and variation of aquatic organisms and plant [17] [18] [19] .
F-containing wastewater can be treated by chemical precipitation method [20, 21] , coagulation and precipitation method [22, 23] , adsorption method [24] [25] [26] [27] [28] [29] , electrocoagulation method [20, [30] [31] [32] [33] , reverse osmosis method [34] [35] [36] , and ion exchange method [37, 38] . Generally, chemicals such as
Experimental Section

Experimental Materials
The simulated wastewater water sample in the experiment was prepared by sodium fluoride and deionized water at F − concentration of 300 mg/L, with pH of 6.60. The preparation method is as follows: The sodium fluoride was dried in an oven at 90 • C for 3 h. After cooling, 0.6632 g sodium fluoride was weighed accurately using an electronic balance, placed in a clean 50 mL beaker and dissolved in deionized water. Then, it was moved into a 1 L volumetric flask by a glass rod, and the beaker and glass rod were washed for 4-5 times with deionized water. The washing solution was transferred to the volumetric flask and diluted to the mark with deionized water. The prepared solution was set aside for later use.
The actual F-containing wastewater used in the experiment was from a smelting plant in Xiamen. The F − concentration was about 310 mg/L, and the pH was 2.08. The composition of actual F-containing smelting wastewater is shown in Table 1 . The calcite and fluorite used in the experiments were taken from Hunan province, China, with the purity of 97.54% and 98.89% respectively. The pure calcite and fluorite minerals were ground using a ball mill of corundum to −74 µm~+38 µm and −150µm~+74 µm, respectively. 
Precipitation Experiment
50 mL of F-containing wastewater sample (300 mg/L) was placed exactly in a 150 mL Erlenmeyer flask on a digital water-bath constant temperature oscillator (SHA-82A, Changzhou Putian Instrument Manufacturing Co., Ltd., Changzhou, China) for oscillating. Then, a part of the solution was transferred to a desktop high-speed centrifuge (TG16-WS type, Hunan Xiangyi Laboratory Instrument Development Co., Ltd., Changsha, China). The residual concentration of the supernatant after centrifugation was measured by fluoride ion selective electrode method. The pH of the solutions was adjusted by using dilute HCl and NaOH solutions.
Determination of Fluoride Ion Concentration
The commonly used methods for measuring fluoride ion concentration in water samples are ion chromatography, fluoride reagent colorimetry, and fluoride ion selective electrode. The advantages of fluoride ion selective electrode method are easy operation, simple equipment, good selectivity, high accuracy, small influence on water sample turbidity and chromaticity, and wide measurement concentration range (0.05-1900 mg/L). Therefore, it is widely used. The fluoride ion selective electrode method was adopted to determine the F − concentration in wastewater in this paper. Fluoride ion concentration was measured according to the analysis standard of the International Organization for Standardization [41] with a fluoride ion selective electrode (PF-1-01, Shanghai INESA Scientific Instrument Co., Ltd., Shanghai, China), reference electrode (232, Shanghai INESA Scientific Instrument Co., Ltd., Shanghai, China) and lightning magnetic pH meter (pHS-3C, Shanghai INESA Scientific Instrument Co., Ltd., Shanghai, China). First of all, TISAB (Total Ionic Strength Adjustment Buffer) solution was prepared using deionized water, CH 3 COOH, NaCl, CDTA, and NaOH. Then, four standard solution with F − concentration of 10 −2 , 10 −3 , 10 −4 , 10 −5 mol/L and TISAB were mixed with equal volume and the potentials of mixed solution were measured by inserting fluoride ion selective electrode and reference electrode into solution in order to construct the calibration curve. Finally, the sample solution was diluted with equal volume of TISAB solution and the potential mixed solution was measured. The F − concentration of sample solution could be obtained according to the calibration curve.
Analysis Methods
An X-Ray diffractometer (D8 Advance, Bruker, Karlsruhe, Germany) with rotating Cu anode was used for mineral phase identification. MDI Jade 6 software (6.0, Materials Data, Inc., Livermore, CA, USA) was used for the assignment of all diffraction peaks by reference to PDF-2004 standard cards. The morphologies and surface elements analysis of the precipitates were characterized using a scanning electron microscope (SEM; Nova Nano SEM230, FEI Electron Optics B.V, Brno, Czech Republic) coupled with EDS (FEI Electron Optics B.V, Brno, Czech Republic).
Results and Discussion
Precipitation Experiments in Simulated System
The influences of reaction time (a), dosage of calcite (b), dosage of hydrochloric acid (c), and oscillation rate (d) on fluoride removal process by calcite are shown in Figure 1 . As shown in Figure 1a , the fluoride concentration decreasing quickly from 300 mg/L to approximately 8 mg/L and the residual fluoride ion concentration in the wastewater was hardly changed with the reaction time extending, indicating that calcite and hydrochloric acid can act quickly to release calcium ions and form precipitates with fluoride ions after hydrochloric acid was added to the wastewater. As calcite is insoluble in water, fluoride cannot be effectively removed by adding water directly under neutral conditions. A certain amount of acid is necessary to dissolve calcite in order to produce Ca 2+ , which could precipitate fluoride ions. CO 2 was produced during the dissolution process and was dissolved in water. Figure 2 shows the XRD diffraction pattern of untreated calcite (a) and the precipitation product (b). The diffraction peak of CaF 2 was detected in the calcite precipitation product, indicating that CaF 2 was produced in the calcite precipitation reaction process. The reaction time poses small influence on fluoride removal by calcite precipitation method. Therefore, the reaction time was selected at 30 min. form precipitates with fluoride ions after hydrochloric acid was added to the wastewater. As calcite is insoluble in water, fluoride cannot be effectively removed by adding water directly under neutral conditions. A certain amount of acid is necessary to dissolve calcite in order to produce Ca 2+ , which could precipitate fluoride ions. CO2 was produced during the dissolution process and was dissolved in water. Figure 2 shows the XRD diffraction pattern of untreated calcite (a) and the precipitation product (b). The diffraction peak of CaF2 was detected in the calcite precipitation product, indicating that CaF2 was produced in the calcite precipitation reaction process. The reaction time poses small influence on fluoride removal by calcite precipitation method. Therefore, the reaction time was selected at 30 min. It can be seen from Figure 1b that as the dosage of calcite increased from 1 g/L to 2 g/L, the residual F − concentration decreased rapidly. This is because the Ca 2+ formed by calcite and hydrochloric acid reacted quickly with the F − . While as the dosage of calcite exceeded 2 g/L, the residual F − concentration reduced slowly. Since when the dosage of calcite reached 2 g/L, the residual F − concentration in wastewater dropped to 11.41 mg/L, and the removal rate reached 96.20%. As It can be seen from Figure 1b that as the dosage of calcite increased from 1 g/L to 2 g/L, the residual F − concentration decreased rapidly. This is because the Ca 2+ formed by calcite and hydrochloric acid reacted quickly with the F − . While as the dosage of calcite exceeded 2 g/L, the residual F − concentration reduced slowly. Since when the dosage of calcite reached 2 g/L, the residual F − concentration in wastewater dropped to 11.41 mg/L, and the removal rate reached 96.20%. As It can be seen from Figure 1b that as the dosage of calcite increased from 1 g/L to 2 g/L, the residual F − concentration decreased rapidly. This is because the Ca 2+ formed by calcite and hydrochloric acid reacted quickly with the F − . While as the dosage of calcite exceeded 2 g/L, the residual F − concentration reduced slowly. Since when the dosage of calcite reached 2 g/L, the residual F − concentration in wastewater dropped to 11.41 mg/L, and the removal rate reached 96.20%. As reported in several studies [42, 43] , when the fluoride concentration is lower (<~10 mg/L), the fluoride adsorption on the surface of calcite may play a dominant role. When the calcite dosage exceeded 2 g/L, the fluoride adsorption of excessive calcite become dominant. Moreover, the adsorption capacity of calcite is relatively low. Therefore, the F − concentration in wastewater decreased slowly. As the F − concentration in wastewater can be reduced to less than 12 mg/L by controlling the dosage of calcite at more than 2 g/L. Therefore, the optimum calcite dosage was determined as 2 g/L. Compared with experiments reported by Zeng, Ling, Li, Luo, Sui and Guan [20] , who used 0.84 g/L CaCl 2 to remove 95.73% of fluoride in synthetic water with 400 mg/L F − , the dosage of calcite is a little higher than that of CaCl 2 but the unit cost of calcite is quite lower than that of CaCl 2 as a function of the online quotation. In terms of the removal efficiency and cost of reagent, calcite exhibits great potential for fluoride removal from wastewater with high fluoride concentration.
The effect of dosage of hydrochloric acid on the fluoride is shown in Figure 1c . It is illustrated that the residual F − concentration decreased rapidly with the growth of the dosage of hydrochloric acid, indicating that the added hydrochloric acid reacted with calcite to form Ca 2+ , which precipitated the F − in wastewater. Moreover, a large amount of H + could react with calcite with the increase of hydrochloric acid dosage. When the dosage of hydrochloric acid exceeded 21.76 g/L, the residual F − concentration in wastewater decreased to 11.48 mg/L. Therefore, the concentration in the water can be reduced to less than 12 mg/L by controlling the dosage of hydrochloric acid at about 21.76 g/L. However, hydrochloric acid should not be added excessively or it will disrupt subsequent neutralization operations. Therefore, the dosage of hydrochloric acid was selected as 21.76 g/L.
As shown Figure 1d , as the oscillation rate increased, and the concentration of the residual F − gradually decreased. When the oscillation rate was higher than 160 r/min, the residual F − concentration decreased slowly and gradually stabilized with the increase of oscillation rate. Therefore, a certain oscillation rate is necessary in order to prevent newly formed calcium fluoride precipitates from adhering to the calcite surface, which can ensure the normal reaction of calcite and acid. By this way, the content of effective calcium ions in the water sample would not change too much. On the other hand, the reaction efficiency between calcite and hydrochloric acid can be improved and the process of fluoride removal can be promoted. Hence, the optimum oscillation rate was 160 r/min. In conclusion, the fluoride in simulated wastewater could be removed by 96.20%, under the optimized condition of reaction time of 30 min, calcite dosage of 2 g/L, hydrochloric acid dosage of 21.76 g/L, and oscillation rate of 160 r/min.
Effect of Fluorite on Sedimentation Performance
As shown in Figure 3 the sedimentation process of the reactive precipitates was slow without addition of fluorite. While under the condition of adding fluorite, the reactive precipitates can be quickly settled within 30 min (see in Figure 4 ). This may be due to the fact that the growth of precipitation products on the added fluorite promoted the sedimentation of precipitates. As is known, precipitation is a process involving mass transfer, chemical reaction, as well as crystallization, it is typically operated at high supersaturation levels which lead to fast nucleation rates [44, 45] . However, this fast nucleation rates generally results in formation of small crystals, which settle very slowly in the solution [46, 47] . Generally, the seed crystals are introduced in order to induce nucleation of the solid phase at a slow and controlled rate, which is conducive to grow the macroscopic crystals [48, 49] . Therefore, in this sedimentation test, the CaF 2 particles generated by the precipitation reaction were too small to settle quickly without addition of fluorite. While under the condition of adding fluorites, the small CaF 2 particles took the added fluorites as the nucleus and grow on their surface. The particle size of the suspended particles in the solution increased, thereby increasing the sedimentation speed. This phenomenon could also be demonstrated by the SEM analysis. The SEM analysis was performed before and after the addition of fluorite. Figure 5a ,b are the scanning electron micrographs of the products obtained before and after fluorite addition, respectively. The scanning electron micrographs of the two samples were compared, and the result showed that many "small white spots" appeared on the surface of the product obtained after the addition of fluorite. Figure 5c showed the energy spectrum of the "small white spots" on the fluorite surface. As shown in Figure  5c , the "small white spots" are CaF2, indicating that calcium fluoride particles formed by precipitation reaction adhere to the surface of the fluorite and descended with fluorite rapidly. As a result, the sedimentation speed of precipitation products was accelerated by adding fluorite. This phenomenon could also be demonstrated by the SEM analysis. The SEM analysis was performed before and after the addition of fluorite. Figure 5a ,b are the scanning electron micrographs of the products obtained before and after fluorite addition, respectively. The scanning electron micrographs of the two samples were compared, and the result showed that many "small white spots" appeared on the surface of the product obtained after the addition of fluorite. Figure 5c showed the energy spectrum of the "small white spots" on the fluorite surface. As shown in Figure  5c , the "small white spots" are CaF2, indicating that calcium fluoride particles formed by precipitation reaction adhere to the surface of the fluorite and descended with fluorite rapidly. As a result, the sedimentation speed of precipitation products was accelerated by adding fluorite. This phenomenon could also be demonstrated by the SEM analysis. The SEM analysis was performed before and after the addition of fluorite. Figure 5a ,b are the scanning electron micrographs of the products obtained before and after fluorite addition, respectively. The scanning electron micrographs of the two samples were compared, and the result showed that many "small white spots" appeared on the surface of the product obtained after the addition of fluorite. Figure 5c showed the energy spectrum of the "small white spots" on the fluorite surface. As shown in Figure 5c , the "small white spots" are CaF 2 , indicating that calcium fluoride particles formed by precipitation reaction adhere to the surface of the fluorite and descended with fluorite rapidly. As a result, the sedimentation speed of precipitation products was accelerated by adding fluorite. Fluorite, as a precipitation assistant, can effectively accelerate the sedimentation rate of calcite precipitation reaction products because fluorite has a much larger particle size than the CaF2 particles produced by the precipitation reaction. Therefore, fluorite can be used as a nucleus to which CaF2 precipitates particles adhere, and these CaF2 precipitates particles can aggregate on the surface of fluorite to quickly settle with fluorite.
Precipitation Experiments in Actual System
The precipitation experiments of actual F-containing smelting wastewater was conducted and several influence factors were investigated such as pH, reaction time, dosage of calcite, and oscillation rate. The parameters of the actual smelting wastewater are shown in Table 1 . The influences of pH, reaction time, dosage of calcite, and oscillation rate on the fluoride removal from actual smelting wastewater are shown in Figure 6 . Fluorite, as a precipitation assistant, can effectively accelerate the sedimentation rate of calcite precipitation reaction products because fluorite has a much larger particle size than the CaF 2 particles produced by the precipitation reaction. Therefore, fluorite can be used as a nucleus to which CaF 2 precipitates particles adhere, and these CaF 2 precipitates particles can aggregate on the surface of fluorite to quickly settle with fluorite.
The precipitation experiments of actual F-containing smelting wastewater was conducted and several influence factors were investigated such as pH, reaction time, dosage of calcite, and oscillation rate. The parameters of the actual smelting wastewater are shown in Table 1 . The influences of pH, reaction time, dosage of calcite, and oscillation rate on the fluoride removal from actual smelting wastewater are shown in Figure 6 .
It is illustrated in the Figure 6a that the fluoride concentration reduced rapidly with the decrease of the solution pH. The solution pH played an important role in fluoride removal from actual F-containing wastewater. It is just like the reaction between HCl and calcite in simulated wastewater. Under the lower pH condition, calcite could react with H + in actual wastewater to form Ca 2+ and hence the F − could be precipitated by Ca 2+ . When the solution pH was approximately 2, the fluoride concentration reduced to below 20 mg/L. As well, the residual F − concentration remained stable after further lowering the pH. Since the pH of actual F-containing wastewater was 2.08, no HCl needed to be added in this actual wastewater. It is illustrated in the Figure 6a that the fluoride concentration reduced rapidly with the decrease of the solution pH. The solution pH played an important role in fluoride removal from actual Fcontaining wastewater. It is just like the reaction between HCl and calcite in simulated wastewater. Under the lower pH condition, calcite could react with H + in actual wastewater to form Ca 2+ and hence the F − could be precipitated by Ca 2+ . When the solution pH was approximately 2, the fluoride concentration reduced to below 20 mg/L. As well, the residual F − concentration remained stable after further lowering the pH. Since the pH of actual F-containing wastewater was 2.08, no HCl needed to be added in this actual wastewater.
The impact of dosage of calcite on fluoride removal from actual wastewater was shown in Figure  6b . It is shown that with the growth of calcite dosage, the residual fluoride concentration had a gradual decrease, followed by keeping steady. The fluoride concentration could decrease from 310 mg/L to approximately 14.5 mg/L at the calcite dosage of 12 g/L, with the fluoride removal rate of 95.32%. This is different from the results obtained in simulated system, where the fluoride concentration could reduce to less than 12 mg/L at the calcite dosage of 2 g/L and even to approximately 8 mg/L at the calcite dosage of 10 g/L. This is probably because the ionic strength of actual wastewater is higher than that of simulated wastewater. Moreover, the high ionic strength upgrades the degree of aggregation of outer precipitation products on calcite and in turn depresses the reaction between H + and calcite [50, 51] . Therefore, more calcite was needed in the actual system than in the simulated wastewater. Nonetheless, considering that the cost of calcite is quite lower than of CaCl2 and CaO, the calcite exhibited great potential for fluoride removal.
The influences of reaction time and oscillation rate are shown in Figure 6c and 6d respectively. Just like the results obtained from the simulated system, the reaction time almost had no influence on the fluoride by calcite. As for the impact of oscillation rate, it is illustrated in Figure 6d that the variation tendency of fluoride concentration was similar to that in the simulated system. The The impact of dosage of calcite on fluoride removal from actual wastewater was shown in Figure 6b . It is shown that with the growth of calcite dosage, the residual fluoride concentration had a gradual decrease, followed by keeping steady. The fluoride concentration could decrease from 310 mg/L to approximately 14.5 mg/L at the calcite dosage of 12 g/L, with the fluoride removal rate of 95.32%. This is different from the results obtained in simulated system, where the fluoride concentration could reduce to less than 12 mg/L at the calcite dosage of 2 g/L and even to approximately 8 mg/L at the calcite dosage of 10 g/L. This is probably because the ionic strength of actual wastewater is higher than that of simulated wastewater. Moreover, the high ionic strength upgrades the degree of aggregation of outer precipitation products on calcite and in turn depresses the reaction between H + and calcite [50, 51] . Therefore, more calcite was needed in the actual system than in the simulated wastewater. Nonetheless, considering that the cost of calcite is quite lower than of CaCl 2 and CaO, the calcite exhibited great potential for fluoride removal.
The influences of reaction time and oscillation rate are shown in Figure 6c and 6d respectively. Just like the results obtained from the simulated system, the reaction time almost had no influence on the fluoride by calcite. As for the impact of oscillation rate, it is illustrated in Figure 6d that the variation tendency of fluoride concentration was similar to that in the simulated system. The optimum oscillation rate was also selected as 160 r/min, where the fluoride removal rate could reach around 95%. As a consequence, the fluoride in actual wastewater could be removed by approximately 95%, under the optimum condition of calcite dosage of 12 g/L, pH of 2.08, reaction time of 30 min, oscillation rate of 160 r/min, and 2 g fluorite.
Conclusions
In this paper, new precipitant calcite and aided precipitant fluorite were adopted to purify F-containing wastewater. Relevant reaction conditions, such as reaction time, oscillation rate, dosage of hydrochloric acid, calcite dosage, and the assisting sedimentation performance of fluorite are explored, and the reaction mechanism were discussed. It could be found from the experiments that calcite can effectively remove fluoride in F-containing wastewater. The dosage of precipitant, oscillation rate, and dosage of acid pose important influences on the removal of fluoride. On the other hand, fluorite can effectively improve the sedimentation of the reactive precipitates. SEM results showed that the reactive precipitates CaF 2 can grow on the surface of fluorite and sedimentation performance was improved accordingly. Under optimal experimental conditions of reaction time of 30min, calcite dosage of 2 g/L, hydrochloric acid dosage of 21.76 g/L, oscillation rate of 160 r/min, and 2 g fluorite, the removal rate of fluoride in the simulated F-containing wastewater reached 96.20% and the precipitation products could settle quickly. Moreover, the removal rate of fluoride in the actual F-containing smelting wastewater reached 95% at the optimum condition of calcite dosage of 12 g/L, pH of 2.08, reaction time of 30 min, oscillation rate of 160 r/min, and 2 g fluorite. The experiment showed that the precipitant calcite can effectively reduce the concentration of fluoride ion in F-containing wastewater and the aided precipitant fluorite can solve the problem of slow sedimentation of reactive precipitates. 
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